Abstract. -A semiphenomenological theory that has the advantage of taking into account nonlinear and nonlocal contributions in the free energy for microphase separation of block copolymers is proposed. A kinetic nonlinear equation defining the process of structure formation from a melt is obtained, and its analytical solution at the melt-structure transition temperature is examined. In this region, the structure formation proceeds in two stages. The first one is characterized by damping of all but stable Fourier-components of density distribution and the second, by stabilization of the amplitude of the distribution. Characteristic times of these processes are estimated. The applied approach allows a comparatively simple definition of lamellar, hexagonal and body-centered cubic structures near Ts. Equilibrium structures at T ~ Ts are described as well.
For the last two decades the interest on the morphology of block copolymers has been extremely high and considerably large number of experimental and theoretical investigations [1] have been dedicated to them. The reason of this interest seems to be the fact that block copolymers are the simple model of self-organization, and that they allows the regulation of supermolecular structure properties at the stage of block copolymer synthesis. They are also convenient objects to model heterogeneous systems in which the dimensions and the morphology of inhomogeneities can be controlled with a relative precision.
Theoretical studies dedicated to the thermodynamic properties of a microdomain structure may be divided into two main groups :
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:0199000510190220500 1) studies dealing with an equilibrium structure of the block copolymers at T « Ts. It is supposed that for a system in equilibrium, the morphology is pre-assigned, microphases are properly divided and the interlayers between them are narrow. The task undertaken is to determine the relationship of structural parameters with the molecular characteristics of block copolymer [2] [3] [4] [5] [6] [7] ;
2) studies dealing with equilibrium properties near T,, where appearing structure have wide interlayers between the domains. These theories are based on a Landau-type representation of the free energy [8] [9] [10] .
The theory described below presents the equilibrium and stable states of structures, with T -Ts as well as with T Ts, within the limits of a single model, and allows the formulation of the kinetic equation of the process of structure formation from a melt, and to investigate its solution. The importance of the account of nonlinear effects is proved. It is shown that, when describing the equilibrium states near T., the approached theory is a simplified version of Leibler's theory [8] . However, the theory describes the same structure of phase diagrams and the same dependence of structure parameters on the number of segments in the chain, on the fraction of components p o and x. The mathematical technique used in our theory also allows us to describe the structure at T « Ts. The dependence of the free energy on the molecular characteristics obtained in this case agrees with the dependence described in previous studies [5] [6] [7] .
Thus, the importance of the suggested approach is in the possibility to investigate the stable states and the kinetics of structure formation at T -T,, and stable states at T 7g on the basis of a single model.
In the present article the kinetics near 7g has been examined. The Kuramoto-Tsuzuki method used by us [ 11 allows us to get the equations of structure formation that have been examined both analytically and numerically. The theory also allows us to calculate the time of relaxation. It should be noted that the present kinetic approach in the region near 7g can be carried over to a more precise model [8] . Actually, to formulate a kinetic theory, it is quite sufficient to have a free energy functional and a dissipation function. Onsager's coefficient, being the expression for the dissipation function, was used in the form obtained for the process of segregation of polymers in a binary mixture [12] .
2. Construction of a functional of free energy.
To obtain the expression for the functional of the free energy for the melt at T s T,, it is necessary to express two effects : 1) local (segregation of segments A and B in a system of unconnected blocks) and 2) non-local (the increased entropic elasticity that appears during the segregation in a block copolymer macromolecule, and that limits the fluctuation value of density of segments A or B, i.e., domain's dimensions). The first effect can be described by means of a lattice functional [13] where p = p (x) is a local density of number of type A segments at point x, X is Flory parameter, a is the length of a segment, NA, NB are the numbers of segments A and B in a molecule : NA + NB = N.
Concerning the second effect, it should be described, owing to its non-locality, by the terms of a form f K(x _ X,) P (X) P (X,) d3X, where A"(x-x') is a certain function, integrally dependent on p (x). Calculations [8] show that S-l(K) has a singularity, when K -0, in the form of [8] .
The relation between this theory and our model in the vicinity of T, is described later in detail.
3. Kinetic équation for the evolution.
In our model, the formation of structure from a melt is characterised by the emergence of a non-zero parameter P. The equation describing its evolution can be written in the form [ 11 ] where D is functional assigning a dissipation in the system. The The asymptotic solution for the system of reaction-diffusion type has been obtained in [17] . The solution satisfies a simplified equation which has one and the same form for all systems. In this case we examine an analogical solution where f/1 is a new unknown complex amplitude, p 1 is a correction to the asymptotic solution.
Thus we go on to the new « slow » parameters X, T. The choice X = ex is determined by the fact that a value interval K, for which &#x26;(K) : 0 (and corresponding modes do not damp exponentially) has the dimension of e order. The choice of T = E2 t is connected with the fact that the speed of mode change does not exceed min g(K) = O ( E 2). The modes for which [ K -K, » 0(e) prove to be exponentially small after the end of the evolution's first stage described in the previous section. For the reasons mentioned above it is quite clear that the solution of the equation should be found in the form (5.1 ). In this case, the « envelope » in the beginning of the second stage of the evolution (after the damping of all modes :
IK -Ksi 0 (e» when the solution is presented in the form (5. 1), is determined from a relationship where T is some moment of time, 7-1 «.,c 0 (£-2). T 1 is the time of damping of all harmonics K, for which s (K ) &#x3E; 0, 1 g(K) [ &#x3E; 0 (e 2) . The option of T is conventional to a great extent (in the limits described), but this is not important for our subsequent research. The reasons mentioned do not allow us to insist that the solution p as is correct, when t » r 1. Actually, because of the presence of nonlinear terms in one-dimensional version (4.6) :
an apprehension arises that, when t &#x3E; T 1, in the solution p the terms increasing with respect to t and proportional to precedent harmonics e2 iKs x , e 3 ZxS x, , ..., will arise.
In Kuramoto-Tsuzuki method f/J(X, T ) changes so that the terms connected with einK, x. n -2 remain correctional to p as from (5.1), when t --+ oo. The approach [ 17] (5.3) . Despite the fact that the form of equations (7.12) is complicated, their general theory [16] mentioned above allows us to obtain the description of the solutions' behaviour. For « almost all » initial data f/Jj(X, T), with t -oo, the solutions tend to equilibrium values of f/Jj giving the stable minimum of the functional 5;-as 1 q' 1, f/J 2, ..., f/J n] ] that follows from the general theory of the equations as such [16] . It where j = 1, 2, ..., n, and:F as is :F as without the term with gradient.
It is known that the solution of the system as such, with t ---&#x3E; oo, satisfies the conditions of minimum fas :
Therefore the stable amplitudes ipj can be found by the integration of (8.1). Besides, a relaxation time can be estimated in the same way. It should be observed that, if a linear dimension of the system is « E -1, (8.1) is a system of asymptotically precise equations.
This system can be easily integrated numerically. Such account has been made for a hexagonal configuration (n = 3, M3 is determinated with respect to (7.5)), and it shows that for a stable structure, with t -oo, all amplitudes 1 f/lj [ are equal (irrespective of initial data). If the moduli 1 f/lj 1 are equal then the asymptotic formula for the free energy of the stable equilibrium configuration is :
where the designation is entered is When using the simplified model (2.8), the coefficients Cn, dn are determined as follows :
Precise formulas (7.1) lead to the same expression (8.2), but at the same time, in the formula for cn, G 3 should be exchanged for r3 and the formula for dn assumes the form To plot a phase diagram in the simplified model, let us use the facts determined in [8] .
1. The value X S of the parameter y is smaller for these structures, for which e2 C i 2 is larger. Correspondingly Ts is smaller for the same structures. n 2. When X -X S is negative and 1 X -X S 1 is increasing (i.e., y, X c and the increasing of X ) it is a structure with smaller dn that has smaller free energy.
3. The structures with larger n are not energetically favourable.
As it follows from these statements, a phase diagram determined by a comparison Y(") for different n, when using this model, does not depend on numerical values of G 3, G4, though X and a transition temperature Ts of course do.
Such a calculation programme was drawn up in (7.10) . Three configurations were put to Cn analysis : lamellar (n = 1 ), hexagonal (n = 3 ) and cubic (n = 6 ). The relations d for these n configurations are connected by the relationship :
Thus we came to the same phase diagram as in [8] . Using our method we can also obtain a simple explicit expression for Xn. Here is the value of X parameter corresponding to meltstructure transition temperature determined by Mn set (i.e., when n = 1, to lamellar; n = 3, to hexagonal, and so on).
Substituting the explicit expressions for G3, G 4, we get The general structure of our theory allows us to apply it not only to diblock-copolymers but also to molecules of a more complicated structure. The restriction of our study to diblock copolymers was connected with the fact that, when calculating the coefficients of the free energy density representation, we used the expression for the correlation function calculated by Leibler for diblock copolymers, and the calculation of such functions for more complicated molecules is a very serious problem to solve. The extension of the theory to the segregation in diblock copolymers containing a polyelectrolitic block seems to be an easier problem. In order to do that, the complementary term describing the electrostatic energy should be taken into account.
It should be mentioned that stable structures at T « T, have been described by mean field theory [22] . Contrary to our approach at T .c Tc this one is based on a representation of the free energy as a series with respect to powders of density p. In [23] we used a similar expansion to get a periodic distribution of p. It allowed us to get some true results, e.g. the density profile in transition layer. Nevertheless the expansion used seems to be not correct enough because at T « Tc the values of pare not small.
